Despite aggressive research aimed at understanding the myriad biochemical factors that are integrated to balance energy intake and expenditure to maintain normal body weight, obesity is increasing at an alarming rate, and the long-term success of prevention and intervention strategies is minimal. Because much of the scientific literature addressing obesity has originated with rodent models, there is considerable interest among researchers and funding agencies in the development of comparative animal models. Furthermore, numerous disparate results between rodent models and humans (i.e., adipsin, leptin, resistin, tumor necrosis factor-a, and other adipokines) have hindered the translation of rodent data into actionable technologies for humans. The pig is an exceptional restenosis model, and is emerging rapidly as a biomedical model for energy metabolism and obesity in humans because it is devoid of brown fat postnatally and because of their similar metabolic features, cardiovascular systems, and proportional organ sizes. This article highlights the current literature devoted to the development of porcine models for obesity and the metabolic syndrome, with a particular emphasis on the role of adipose tissue and adipokines in the regulation of energy balance and the inflammation associated with obesity.
Introduction
Obesity is generally recognized as a chronic disease defined by an overaccumulation of fat stores in adipocytes and is frequently linked with inflammation in adipose tissue and insulin resistance in peripheral tissues (1, 2) . Moreover, the common pathogenesis of type II diabetes involves a genetic predisposition to obesity (i.e., a thrifty genotype) and a gradual diminution of insulin sensitivity in a prediabetic condition termed the metabolic or cardiometabolic syndrome (3, 4) . To date, obesity and the associated chronic inflammation and insulin resistance are among the most prevalent diseases in developed countries and impose enormous health detriments and economic burdens on the U.S. and global economies (5) . The costs associated with diabetes are estimated at some $100 billion annually in the United States, and the losses in quality of life and shorter life expectancies are devastating.
Recent studies and predictions indicate that the prevalence of obesity in adults increased from 13 to 32% between the 1960s and 2004, and that 66% of adults and 16% of children are at present overweight or obese; based on current increases in childhood obesity, predictions are that 75% of adults will be overweight or obese by 2015 (6) . These numbers and predictions are of great concern to government officials, researchers, and the general public, and this concern is only exacerbated by the limited success achieved to date by the research community with respect to long-term prevention and intervention strategies for obese or obesity-prone individuals.
Despite very aggressive research agendas aimed at defining the molecular basis of obesity and its comorbidities in humans, the underlying and integrated biochemical mechanisms have not been clearly identified. Rodent models have been the pillar of obesity and metabolic syndrome research because they are inexpensive to maintain, have a sequenced genome, and are easily modified by genetic engineering. Albeit, apart from the Zucker rat, which is extremely hyperphagic because of the absence of a functional leptin receptor, rodent models that reliably develop 3 or more of the clustered risk factors required for a consensus declaration of the metabolic syndrome are lacking, and other animal models consistently showing 4 or more risk factors have not been identified. Furthermore, there are clear metabolic and physiological differences between humans and rodents, and these differences have undoubtedly slowed progress and complicated the translation of biomedical research findings into effective preventive or intervention therapies for obesity and its comorbidities. As summarized in Table 1 , researchers are now recognizing that marked differences in metabolism and adipose tissue biology between rodents and humans have hindered the translation of research findings into effective prevention and intervention technologies and strategies for alleviating the human crisis (7) . Consequently, alternative and complementary models are being pursued, and the pig is emerging as an attractive biomedical model for energy metabolism and obesity in humans because it is devoid of brown fat postnatally, as are humans. This is an important consideration because of the ability of brown fat to regulate energy balance and other aspects of energy homeostasis. The pig also has similar metabolic features and cardiovascular system and proportionally similar organ sizes. Furthermore, adipose depots in pigs are of sufficient size that multiple assays can be carried out on adipocytes or stromal vascular cells without pooling across depots or animals. This article highlights the current status of the pig as an obesity model, our understanding of inflammatory pathways in porcine adipocytes and adipose tissue, and identifies key areas requiring further development.
Insulin resistance and atherosclerosis in current porcine obesity models Although some metabolic and cardiovascular disorders occur in domestic swine partially as a result of intense selection for growth rate and leanness (8) , attempts to induce frank type II diabetes or even sufficient criteria for a consensus diagnosis of the metabolic syndrome have met with limited success. However, the contemporary domestic pig, when fed substantial quantities of lard and cholesterol becomes an excellent humanoid model for atherosclerosis, and researchers have quite successfully extended this model to include atherosclerosis accelerated by streptozotocin-induced diabetes (9) . Furthermore, contemporary pigs fed a Paleolithic diet consistent with the hunter-gather lifestyle of our ancestors are leaner, more sensitive to insulin, and have lower circulating concentrations of C-reactive protein than their counterparts fed a cereal diet reflective of modern-day habits (10) . However, the Gottingen, Yucatan, and Ossabaw breeds of swine have been used more extensively for investigations of obesity and cardiovascular disease. Among these, the Ossabaw breed appears to be a particularly valuable model. As noted in Brisbin's defense of feral pig populations as exceptional contributors to global biodiversity (11) , the current speculation is that these swine have undergone natural selection for the thrifty genotype to survive seasonal cycles of feasting and famine during their 500 y of isolation on the Ossabaw Island located off the coast of Georgia, USA. Ossabaw swine allowed to eat excess food in captivity have the highest levels of total body lipid of any mammal and become morbidly obese even in the absence of a high-fat diet ( Fig. 1) . As summarized in Table 2 , it is even more compelling that female Ossabaw swine fed a high-fat cholesterol diet develop at least 5 of the 6 criteria of the metabolic syndrome, including primary insulin resistance, obesity with significant visceral adipose expansion, hypertriglyceridemia and increased LDL:HDL cholesterol, mild hypertension, and coronary artery disease (12) . Primary insulin resistance has been difficult to achieve in other swine models (13) , and because both primary insulin resistance and coronary disease develop in the Ossabaw female, this pig may be an extraordinary model that will enable a greater understanding of why the frequency of the metabolic syndrome and death related to coronary heart disease are increasing at such an alarming rate in women (12) . Based on these recent findings in this novel model, there is indeed a compelling need to understand the relations among adipose depots, adipokine biology, and the onset and progression of the constellation of factors that comprise the metabolic syndrome and mark the transition to frank diabetes.
Porcine adipocytes express functional TLR-4
Chronic inflammation is a significant contributor to the development of obesity-linked insulin resistance, and biomedical models will of necessity need to recapitulate this chronic inflammation. Hallmarks of the chronic inflammatory state include increased adipose expression of tumor necrosis factor (TNF)-a and interleukin (IL)-6, and increased circulating concentrations of IL-6 (14, 15) . Additionally, the immunological implications for adipocytes in relation to obesity are expanding rapidly. Experiments performed with cultured 3T3-L1 adipocytes indicate that adipocytes express Toll-like receptors (TLR) 3 and respond to bacterial lipopolysaccharide (LPS) by producing TNFa and IL-6, classical proinflammatory cytokines (16) . We have extended these findings to include primary pig adipocytes and determined that stimulation of these cells with LPS invokes activation and nuclear translocation of the nuclear factor-kB (NFkB) transcription factor (17) . IL-6 is more highly expressed under basal conditions than is TNFa and is more responsive to LPS in terms of the accumulated concentration of this cytokine in stimulated cells than is TNFa (17) . Additionally, IL-6 normally circulates at significant concentrations in pigs, whereas TNFa is typically quite low (18, 19) . This concentration difference parallels the typical human scenario and renders the regulation of IL-6 production and signaling in pig adipocytes of considerable importance in the development and characterization of effective models of obesity and the metabolic syndrome.
Inflammation in porcine adipose tissue Recent publications with rodent models have established strong linkages between TLR-4 and the onset and progression of obesity and the associated inflammation; saturated fatty acids mediate their proinflammatory effects, at least in part, via TLR-4 activation (20) , and activation of this receptor either by endotoxin of intestinal origin or dietary fat induces an obesity response (21) . As yet, no studies have addressed the acute effects of saturated fatty acids on inflammation in primary pig adipocytes or in those derived from cultured stromal vascular cells. It also remains to be determined whether dietary fat intake and fatty acid profiles alter circulating endotoxin concentrations in porcine adipocytes and whether these changes relate to similar events in humans. Nonetheless, we have recently shown that Neutralization improves insulin sensitivity Neutralization has no effect on insulin sensitivity Resistin Impairs glucose tolerance and insulin sensitivity Levels do not reflect insulin resistance or obesity dietary fatty acid profiles do indeed influence the ability of exogenous endotoxin to down-regulate the TLR-4 receptor protein in porcine adipose tissue (22) . Thus, the pig may provide, at minimum, a valuable comparative model for establishing and comparing the roles of fatty acids on inflammatory pathways in relation to obesity, and with availability of the porcine genome sequence in the near future (23), detailed analyses of TLR-4 alleles in relation to obesity and the metabolic syndrome may prove quite informative.
There is now compelling evidence that obesity results in a marked accumulation of macrophages in the adipose tissue and transcript profiles in adipocytes and macrophages that reflect active inflammatory states (24) (25) (26) (27) . The chemokines monocyte chemoattractant protein-1 (MCP-1), macrophage migration inhibitory factor, and macrophage inflammatory protein-1a, are likely contributors to the infiltration of adipose tissue with immunocytes. MCP-1 expression in adipose tissue is markedly increased with obesity in rodent models (28, 29) , and Xu et al. (24) showed not only increased expression of MCP-1 in the adipose stromal vascular cells, but similar results for macrophage inflammatory protein. Chen et al. (30) found that a highfat diet induces the expression of MCP-1 and MCP-3 in rodent adipose tissue, and MCP-1 is clearly induced by IL-6 in 3T3-L1 adipocytes (31, 32) . This is of considerable interest for 2 reasons.
First, IL-6 is elevated in the circulation of obese humans (32) and Ossabaw swine (13) , and second, a substantial amount of the IL-6 expression in adipose tissue originates in adipocytes rather than stromal vascular cells (25) . Consequently, if a high-fat diet induces an inflammatory response in adipocytes that includes the production of IL-6, as is certainly suggested by our recent study (33) , then dietary fat is likely an intimate determinant of macrophage recruitment and activation in adipose tissue. Weisberg et al. (25) have shown a critical role for the chemokine receptor 2 (CCR2), to which MCP-1 binds with high affinity, in macrophage recruitment and inflammation in adipose tissue. In this important study, genetic deficiency of CCR2 attenuated the development of obesity and reduced the macrophage content and inflammatory markers in adipose tissue versus controls matched for adiposity. Whereas others have obtained contradictory results (34), Neels and Olefsky (35) have pointed out the likelihood that duration of high-fat feeding and the genetic background on which the CCR2 deficiency was introduced were potential factors. These types of contradictions underscore the need for comparative models. However, we are not aware of any study in which obesity-linked macrophage infiltration in adipose tissue has been reported for the pig, nor are we aware of any comparative mechanistic data.
Adiponectin in pigs
Adipokines are regulatory molecules secreted by adipose tissue, and apart from those noted above, adiponectin seems to be intimately linked to obesity and inflammation in pigs, as it is in humans. Fruebis et al. (36) provided compelling evidence that adiponectin regulates lipid metabolism and body weight in rodents. Additional work from others (37) showed that adiponectin actually stimulates glucose transport in primary rat adipocytes via a mechanism that is independent of tyrosine phosphorylation of the insulin receptor and activation of IRS-1. Insulin-stimulated glucose uptake was enhanced when the insulin concentration was less than that required to maximize glucose transport. These effects were dependent on activation of the AMP-activated kinase (AMPK) and occurred with a parallel phosphorylation (deactivation) of acetyl-CoA carboxylase (ACC). We have now shown that adiponectin suppresses the incorporation of glucose carbon into lipid in primary pig adipocytes (17) , a response consistent with the deactivation of ACC by adiponectin's activation of AMPK.
Early work with adiponectin indicated that circulating concentrations are reduced in association with obesity and insulin resistance (38) . Since then, others have confirmed these findings in different ethnic groups (39) (40) (41) and also showed clear relationships between hypoadiponectinemia and dyslipidemias (42) (43) (44) . We have shown in pigs that adiponectin and leptin are reciprocally regulated with obesity, as they are in humans; whereas serum leptin and adipose mRNA expression increase with adiposity in pigs, adiponectin is considerably lower in fatter genotypes (17) . This is an important observation because in the fa/fa rat model, increased expression of adiponectin in brown adipose tissue seems to negate the reduction in white adipose tissue in some circumstances. Thus, the circulating adiponectin concentration can actually be increased in this obese rat versus the lean controls (45) . There is a growing body of literature that indicates that the hypoadiponectinemia of obesity is explained largely by a reduction in adiponectin expression in visceral adipocytes versus subcutaneous adipocytes, at least in Japanese men (46) and Zucker fatty rats (47) . This concept has been underscored in humans in that omental adipocytes produced more adiponectin in vitro (per unit of DNA) and also responded FIGURE 1 Development of obesity in Ossabaw swine allowed unrestricted consumption of a high-carbohydrate diet devoid of added fat, or a diet high in saturated fat. The lean control consumed the same diet as the low-fat group, but intake was restricted to maintain lean mature body weight. All 3 groups were significantly different from each other by wk 6 (P , 0.01). Consistent with the overconsumption driven by the thrifty genotype, the pigs fed the energy-dense high-fat diet did not reduce intake (data not shown).
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at Albert R. Mann Library on January 23, 2008 jn.nutrition.org more vigorously to insulin, rosiglitizone, or the combination of insulin and rosiglitizone than did subcutaneous adipocytes. Fasting plasma insulin concentrations are negatively correlated with plasma adiponectin concentrations, and chronic treatment of 3T3-L1 adipocytes with insulin reduces adiponectin mRNA expression (48) (49) (50) . However, others have found insulin to increase adiponectin mRNA expression in human visceral adipocytes and mouse brown adipocytes (51,52), and it is quite possible that there is differential regulation of adiponectin across species and perhaps across adipose tissue depots. These possibilities must be addressed experimentally in pigs as model development moves forward. Because adiponectin is produced largely by the adipocyte, the antiinflammatory activity of this adipokine may be particularly important to the chronic inflammatory state in adipose tissue that is common to obesity. Yokota et al. (53) first reported that adiponectin suppressed proinflammatory cytokine production in activated human macrophages, and since then, we have obtained similar results for both TNF and IL-6 in activated pig macrophages (54) and THP-1 monocytes (55). We have also extended this concept to porcine adipocytes in that NFkB activation is disrupted and IL-6 expression and release are attenuated by adiponectin when inflammation is induced by LPS (56) .
Proinflammatory cytokines that are strongly associated with the development of insulin resistance also down-regulate adiponectin expression. Both TNF and IL-6 inhibit adiponectin mRNA expression or protein synthesis in 3T3-L1 or human adipocyte or both (57) (58) (59) (60) . Recent confirmation of the negative effect of IL-6 was provided when Sopasakis et al. (61) found a higher concentration of IL-6 in the interstitial fluid than in plasma and then showed that adipocytes exposed to concentrations of IL-6 comparable to that in the interstitial fluid had lower adiponectin mRNA abundance. Thus, it seems that the induction of an inflammatory response would suppress adiponectin, and because of the antiinflammatory activity of this hormone, the inflammatory response would likely be amplified by the decline in adiponectin. This cycle is perhaps central to the progression of the inflammation associated with obesity, and there is considerable need to understand the relation among adiponectin status, obesity, and inflammation in the adipose depots of porcine obesity models.
The regulation of AMPK by adiponectin may be a critical determinant of energy metabolism and storage, and indeed, AMPK has received a great deal of attention with respect to obesity and its comorbidities. The AMPK complex, in most eukaryotic species, is a well-conserved serine/threonine kinase heterodimer consisting of a-, b-, and g-subunits (62). These AMPK subunits act as fuel gauges and are activated by any stress that depletes cellular ATP with a reciprocal rise in AMP. This enzyme not only promotes glucose uptake through glut-4 (63,64) but also promotes fatty acid oxidation (65) (66) (67) (68) .
Interestingly, in the mid-1980s the identification and characterization of an AMPK g3 mutation in pigs started with the discovery of the RN gene (69) . Common to the Hampshire breed, the major phenotypic result of this mutation is a marked increase (;70%) in skeletal muscle glycogen content, which results in meat with a lower ultimate pH and water content (70) . However, liver and heart glycogen content is unchanged. This RN pig phenotype is caused by a single missense mutation (Arg 200 /Gln, R225Q) in the protein kinase AMP-activated g3 gene, PRKAG3, which encodes the g3 isoform of AMPK (71) . Additionally, a second mutation (V224I) was identified in pig muscle on the third functional allele at the PRKAG3 locus, caused by a Val 199 /I1e missense mutation (72) . This mutation is associated with an opposite effect, low glycogen and high pH, compared with the RN allele. Thus, R225Q is a loss-of-function mutation that abolishes allosteric regulation by AMP/ATP, causing increased AMPK activity compared with V224I.
Although there is no direct evidence in pigs, the R225Q mutation may provide protection against the development of insulin resistance and Type II diabetes by increasing lipid oxidation. Shen et al. (73) hypothesized that decreased AMPK activity is associated with the missense mutation V224I in obese Ossabaw pigs (74) , leading to altered skeletal muscle AMPK activity and causing increased mammalian target of Rapamycin (mTOR) activity. These authors also speculated that negative feedback by mTOR-p70S6k signaling on IRS-1 may be causal in the development of insulin resistance in obese swine, but this is as yet unresolved. An additional implication for AMPK and adiponectin in porcine models encompasses liver lipid metabolism. Using Yucatan minipigs fed folate-deficient diets and 40% ethanol, others have shown increased hepatic lipid synthesis in association with down-regulated adiponectin-mediated pathways driven by activated AMPK (75) . As noted previously, it is well documented that adiponectin stimulates glucose utilization and fatty acid oxidation by activating AMPK (76), but our understanding of these pathways in porcine obesity models is in its infancy, and whether these relationships accurately reflect human biology is not yet known.
The obesity crisis is the major health issue facing public and private research entities and government agencies, and whereas rodent models have led to many significant and meaningful discoveries, it is clear that alternative and complementary models will expedite the translation of science into actionable technologies for prevention and intervention. The pig, and the Ossabaw female in particular, may play an integral role in defining the molecular basis of obesity and its comorbidities because virtually all of the hallmark criteria of the metabolic syndrome develop in this animal in a relatively short time span. This, coupled with the porcine genome sequence and an ever increasing availability of molecular reagents for the pig, will provide researchers a stronger platform from which to pursue novel strategies to alleviate this tremendous health detriment.
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